Ribulose 1,5-bisphosphate carboxylase/oxygenase (rubisco) activase protein was purified from spinach leaves by ammonium sulfate precipitation and ion exchange fast protein liquid chromatography. This resulted in 48-fold purification with 70% recovery of activity and yielded up to 18 milligrams of rubisco activase protein from 100 grams of leaves. Based on these figures, the protein comprised approximately 2% by weight of soluble protein in spinach (Spinacia oleracea L.) leaves. The preparations were at least 95% pure and were stable when frozen in liquid nitrogen. Addition of ATP during purification and storage was necessary to maintain activity. Assay of rubisco activase was based on its ability to promote activation of rubisco in the presence of ribulose-1,5-bisphosphate. There was an absolute requirement for ATP which could not be replaced by other nucleoside phosphates. The initial rate of increase of rubisco activity and the final rubisco specific activity achieved were both dependent on the concentration of rubisco activase. The initial rate was directly proportional to the rubisco activase concentration and was used as the basis of activity. The rate of activation of rubisco was also dependent on the rubisco concentration, suggesting that the activation process is a second order reaction dependent on the concentrations of both rubisco and rubisco activase. It is suggested that deactivation of rubisco occurs simultaneously with rubisco activase-mediated activation, and that rubisco activation state represents a dynamic equilibrium between these two processes.
ABSTRACI Ribulose 1,5-bisphosphate carboxylase/oxygenase (rubisco) activase protein was purified from spinach leaves by ammonium sulfate precipitation and ion exchange fast protein liquid chromatography. This resulted in 48-fold purification with 70% recovery of activity and yielded up to 18 milligrams of rubisco activase protein from 100 grams of leaves. Based on these figures, the protein comprised approximately 2% by weight of soluble protein in spinach (Spinacia oleracea L.) leaves. The preparations were at least 95% pure and were stable when frozen in liquid nitrogen. Addition of ATP during purification and storage was necessary to maintain activity. Assay of rubisco activase was based on its ability to promote activation of rubisco in the presence of ribulose-1,5-bisphosphate. There was an absolute requirement for ATP which could not be replaced by other nucleoside phosphates. The initial rate of increase of rubisco activity and the final rubisco specific activity achieved were both dependent on the concentration of rubisco activase. The initial rate was directly proportional to the rubisco activase concentration and was used as the basis of activity. The rate of activation of rubisco was also dependent on the rubisco concentration, suggesting that the activation process is a second order reaction dependent on the concentrations of both rubisco and rubisco activase. It is suggested that deactivation of rubisco occurs simultaneously with rubisco activase-mediated activation, and that rubisco activation state represents a dynamic equilibrium between these two processes.
Ribulose 1,5-bisphosphate carboxylase/oxygenase is only catalytically competent when converted to an activated state. This is readily achieved in vitro by preincubation with CO2 and Mg2' at alkaline pH (7) (8) (9) but activation of the enzyme in vivo apparently involves more than this spontaneous addition of CO2 and Mg2 . The activation of purified rubisco3 in vitro does not occur in the presence of physiological levels of its substrate, RuBP, and requires CO2 concentrations which are higher than those that exist in vivo (3) (4) (5) . Somerville et al. (18) isolated a mutant of Arabidopsis (rca) in which there was no light activation ofrubisco in the leaves, even though the enzyme could be spontaneously activated by CO2 and Mg2+ in the normal fashion once isolated from the plant. Salvucci et al. (13) subsequently identified two polypeptides which were absent from the rca mutant. These experiments suggested that a specific protein, which has been named rubisco activase, is necessary to catalyze the activation of rubisco in vivo. The rubisco activase protein has been detected immunologically in a range of plants and has been purified from spinach chloroplasts (16) . The gene for rubisco activase has been identified, cloned in Escherichia coli and sequenced (22) . More recently, a simpler assay system consisting of RuBP, rubisco, and rubisco activase has been utilized and an ATP requirement for rubisco activation demonstrated (20) . A protein isolated from E. coli transformed with a spinach rubisco activase cDNA clone has also been shown to mediate activation of rubisco in this assay system (21) . In this paper we report an improved purification of rubisco activase and some properties of the purified protein in activating rubisco.
MATERIALS AND METHODS
Plant Material. Spinach (Spinacia oleracea L. cv American Hybrid 424) plants were grown in hydroponic culture in a growth chamber as described (11) .
Chemicals. RuBP was synthesized from ribose-5-phosphate and purified as described (5) . All other biochemicals were obtained from Sigma. 4 Purification of Rubisco Activase. Spinach leaves (100 g) were deribbed, frozen in liquid nitrogen, and ground to a fine powder using a mortar and pestle. The frozen leaf powder was slowly added to 200 mL of extraction buffer (10 mm BTP, 5 mM MgC92, 1 mm EDTA, 0.4 mm ATP, 15 mM DTT, 1 mM phenylmethylsulfonyl fluoride, 2 mM benzamidine, 0.01 mm leupeptin, pH 7.0) with continuous stirring over a period of 15 to 20 min during which time the temperature was kept below 0°C. All subsequent steps were carried out at 4°C. The extract was filtered through two layers of Miracloth and the filtrate centrifuged for 15 min at 48,000g. Saturated ammonium sulfate, adjusted to pH 7.0 with NH40H was added to the supernatant dropwise with continuous stirring until 35% saturation was achieved. After stirring for a further 30 min the precipitate was collected by centrifugation for 5 min at 10,000g. The pellets were resuspended in 5 mL ofbuffer A (10 mm BTP, 100 mm KCI, 10 mm DTT, 0.2 mM ATP, pH 7.0) containing 35% (NH4)2SO4 and washed by centrifugation for 5 min at 10,000g. The pellet was resuspended in 3 mL of buffer A, centrifuged, and the supernatant desalted on a column of Sephadex G25 equilibrated with buffer A. The protein peak was collected and frozen in liquid nitrogen. The The gradient was run at a flow rate of 0.5 mL per min. Fractions (0.5 mL) were collected and assayed for rubisco activase activity or for ATP hydrolysis, as described below. ATP was added to the active fractions to give a final concentration of 0.2 mm, and they were stored in liquid nitrogen.
Rubisco Activase Assay. Rubisco was purified as described (14) , then inactivated by gel filtration through a 0.7 x 27 cm column of Sephadex G50 equilibrated with 20 mM Tricine, 0 Other Procedures. Rubisco protein was determined spectrophotometrically using A280 x 0.61 = mg mLU' (23) . All other protein determinations were made with the dye binding assay (19) using BSA as a standard. SDS-PAGE was performed with 12% gels using the buffers of Laemmli (6) and stained with Coomassie blue.
RESULTS
Purification of Rubisco Activase. In previous studies, intact chloroplasts were isolated from spinach leaves and used as a source of stromal proteins for purification of rubisco activase (13, 16, 20) . We sought to increase the yield by purification directly from leaf homogenates and to find suitable conditions for storage of the purified protein without loss of activity. The purification table for the procedure adopted is given in Table I . Rubisco activase was precipitated in a 0 to 35% ammonium sulfate fraction with little loss in activity, provided the solution was at pH 7.0 and contained ATP and DTT. Rubisco is effectively removed from this fraction since it precipitates at higher ammonium sulfate (23) . After desalting, the 0 to 35% fraction was frozen in liquid nitrogen and then thawed and ultracentrifuged to remove lipid vesicles and Chl. The supernatant was fractionated by ion exchange FPLC and the elution profiles for protein and rubisco activase activity are shown in Figure 1 . There was a single peak of activity, eluting at 200 to 250 mM KCI. It is clear from Figure 1 that rubisco activase was the major protein present in the ammonium sulfate precipitate. The fractions from ion exchange FPLC had a specific activity of 3.5 to 4.5 units activation mg-' protein, and the overall purification in this instance was 48-fold with a 70% recovery of activity. In some instances, yields were as high as 18 mg protein from 100 g leaves. The purified rubisco activase also exhibited ATPase activity, and the measurement of ATP hydrolysis was useful for monitoring activity in fractions during the purification process. The purified enzyme hydrolyzed 1.0 to 1.5 ,umol ATP Mg2+ min-' mg-' protein, and the ratio of activation activity to ATPase activity was virtually constant after the ammonium sulfate step (Table  I ). In the crude homogenate this ratio was lower, presumably due to the presence of other ATP-hydrolyzing enzymes. Figure 2 shows SDS-PAGE analysis of the various fractions described in Table I . The peak fractions from ion exchange FPLC (lane 5) showed two predominant bands at 45 and 41 kD, which were both subunits of rubisco activase (16, 22) . These bands stained very weakly with silver stain (data not shown). Analysis of the gels showed that the rubisco activase subunits comprised greater than 95% of the protein in this fraction. The two major bands in the leaf homogenate (lane 2) are the large and small subunits of rubisco. The ammonium sulfate step (lane 3) resulted in an 18-fold purification of rubisco activase and removed most of the rubisco. Ion exchange FPLC resulted in a further 2-fold purification and removed most other contaminating proteins. The 41 kD polypeptide of rubisco activase was clearly visible in the leafhomogenate (lane 2). Calculations based on the data in Table I suggested that the protein accounts for 1.5 to 2.0% (by weight) of the soluble proteins in a spinach leaf.
Stability of Rubisco Activase. The purified enzyme was relatively stable. When frozen and stored in liquid nitrogen in the presence of ATP and DTT, less than 10% of the activation activity was lost. The ATP requirement in stabilizing rubisco activase during purification and storage is illustrated in Figure 3 . Purified protein was gel-filtered (at 2°C) to remove ATP with only minor loss of activity. If the desalted enzyme was incubated at 25°C in the absence of ATP, half the activity was lost after 30 min. In the presence of ATP very little activity was lost even after 4 h (Fig. 3) . There was little effect of DTT on the stability at 25°C in the absence or presence of ATP (data not shown). The loss of activity shown in Figure 3 was greatly reduced if the protein was stored on ice in the absence of ATP. ADP also prevented the loss of activity at 25°C but was not as effective as ATP. AMP had no protective effect. The loss of activity was reversible. If ATP was added after incubation for 4 h at 25°C in the absence of ATP, activity recovered 25 to 35% after a further 2 h.
Rubisco Activase Assay. The assay is based on the ability of rubisco activase to catalyze the activation of rubisco in the presence of RuBP, as shown in Figure 4 . When inactivated rubisco was added to a medium containing CO2 and Mg2+ there was a spontaneous increase in activity (circles), but if RuBP was added to the inactive rubisco first, the activation was prevented (squares). Even after 10 min in 10 mm NaHCO3 and 10 mM MgC92, rubisco activity was normally less than 0.05 ,umol min-' mg-' protein in the presence of RuBP. In the presence of rubisco activase, activation occurred even in the presence of RuBP (triangles). With the concentrations of rubisco and rubisco activase used in Figure 3 (each 0.1 mg protein mL-') rubisco activity reached the same level as the spontaneous activation in the absence of RuBP.
Nucleotide Specificity. Rubisco activase activity required ATP regenerating system) and in the absence of the regenerating system but with sufficient ADP to inhibit activity by 70% (Table  III) . In the standard assay, none of the metabolites tested altered activity by more than 10%, whereas in the presence of ADP, Pi increased activity and 3-phosphoglycerate, dihydroxyacetonephosphate, ribose-5-phosphate, and fructose-1,6-bisphosphate all decreased activity.
Interaction between Rubisco and Rubisco Activase. At constant rubisco concentration, both the initial rate of increase of rubisco activity and the final specific activity of rubisco achieved increased in proportion to the concentration of rubisco activase (Fig. 5, left panel) . Activity, calculated from the initial rate of increase ofrubisco activity, was linearly dependent on the rubisco activase concentration (Fig. 5, right panel) . Thus, the specific activity of rubisco activase as defined here was independent of concentration, at least up to 0.1 mg protein per mL. At constant rubisco activase concentration, the initial rate of increase of rubisco activity, was dependent on the rubisco concentration (Fig. 6, left panel) . This relationship was not strictly linear, so the apparent specific activity of rubisco activase declined to a small extent with increasing rubisco concentration (Fig. 6, panel). The final activity ofrubisco also increase rubisco concentration, but the relationship was r fore the maximal rubisco specific activity also with increasing rubisco concentration (Fig. 6 ). DISCUSSION The purification procedure described gave rela of rubisco activase protein. Since this procedure isolation of intact chloroplasts as reported earli (Fig. 2 ) but these constituted less than 5% of the protein and the preparations were considered sufficiently pure for biochemical 8 10 characterization. Rubisco activase was relatively stable when ATP was present during purification and storage. The ATP I absence of RuBP requirement for stability is consistent with the requirement for he assays contained ATP in the rubisco activase assay (20) and the identification of ) mM MgCl2, 3 mM a consensus nucleotide binding site in the protein (22) . It will be Lase, 0.1 mg mL-' of interest to determine whether the loss of activity upon incu-7' rubisco activase. bation in the absence of ATP (Fig. 3) The assay for rubisco activase is based on its ability to promote not linear. There-activation of rubisco in the presence of physiological concentradeclined slightly tions of RuBP. Assay blanks (minus rubisco activase or ATP)
were typically only 7 to 8% of the activity in the standard assay, indicating that spontaneous activation is very slow under these conditions. Rubisco activase activity was determined from the initial rate of increase in rubisco activity rather than the extent Ltively high yields to which rubisco was finally activated. Although both were does not require dependent on the concentration of protein (Fig. 5) , the rate of er ( 16), it should increase was directly proportional to the rubisco activase concen- activase. After 11 min the rubisco specific activities (Mmol min-' mg7' rubisco) were: 0.10 (minus activase), 1.35 (0.1 mg mLU'), 1 .29 (0.3 mg mLU'), and 1.14 (0.5 mg mLU'). The right panel shows rubisco activase specific activity, determined from the initial rate of increase of rubisco activity, as a function of rubisco concentration. The experiment in the right panel was with 0.054 mg mLU' rubisco activase and also contained 300 units mLU' (Fig. 6 ). This indicates that the activation process involves a second order reaction dependent on the concentrations of rubisco and rubisco activase: (1 1, 20) .
The extent of rubisco activation was dependent on the concentration of rubisco activase (Fig. 5) . This observation is consistent with an uncatalyzed deactivation of rubisco occurring simultaneously with the rubisco activase-catalyzed activation. Rubisco activity declines in the presence of RuBP in vitro, but this loss of activity is not correlated with a decarbamylation of the enzyme (J Pierce, personal communication; D Edmonson, J Andrews, personal communication). On the other hand, changes in rubisco activation in vivo were correlated with formation oftightly bound RuBP (1), suggesting that rubisco-RuBP is formed in vivo. The early experiments with rubisco activase suggested that it did not affect the rate of deactivation in vitro, although the experiments were conducted in a more complex reconstituted system without added ATP or ADP (10) . Later experiments indicated that the activation of rubisco-RuBP by rubisco activase is associated with carbamylation of the enzyme (21) . Whether conditions allowing a subsequent deactivation of rubisco in the presence of rubisco activase result in the decarbamylation of the enzyme is an important question for future work.
The scheme shown in Figure 7 would account for the kinetics of rubisco activation observed in Figures 5 and 6 . In the presence of RuBP and an ATP regenerating system, the rate of activation would be proportional to the concentrations of both rubisco activase and rubisco, while the extent of activation would depend on the level of rubisco activase. Complete activation of rubisco would be achieved only when sufficient rubisco activase was present to catalyze activation at a rate in excess of the rate of deactivation of rubisco. In leaves, the levels of rubisco and rubisco activase would be constant in the short term, and the activation state of rubisco would be determined by the concentrations of RuBP, ATP, and ADP, as well as the pH and levels of CO2 and Mg2'. In the dark, the ATP/ADP ratio is low enough to largely inhibit rubisco activase, but RuBP levels are also low, so the activation state of rubisco would depend on CO2 concentration, as has been observed (15, 17) . In the light, RuBP levels are sufficiently high to prevent spontaneous activation ofrubisco and to promote deactivation of activated rubisco, hence the level of activation would depend on rubisco activase activity. This, in turn, would depend on the levels of ATP and ADP, since rubisco activase requires ATP and is inhibited by ADP (20) .
We have shown previously that in intact isolated chloroplasts the steady state rubisco activity was dependent on the concentration of ATP in the stroma (11) , which is consistent with the scheme in Figure 7 . In the presence of ADP, rubisco activase may also be modulated by other chloroplast metabolites (Table  III) which could explain the decreased rubisco activity in isolated chloroplasts in the presence of dihydroxyacetone phosphate or 3-phosphoglycerate (11) . In the intact chloroplast, changes in rubisco activity only followed changes in ATP after a short delay (1 1) , and this may reflect the kinetics of deactivation of rubisco to achieve a new steady state following decreases in rubisco activase-mediated activation (Fig. 7) .
The exact nature of the interaction between rubisco and rubisco activase is not yet established. The scheme in Figure 7 represents rubisco activase involvement in the conversion of rubisco-RuBP to rubisco, followed by spontaneous activation by CO2 and Mg2e, although it is also possible that rubisco activase is involved in the carbamylation process (21) . The role of ATP in the activation process is also not known, although the observation that rubisco activase hydrolyzes ATP suggests there may be an energy requirement for the activation of rubisco in the presence of RuBP. The purification of rubisco activase described in this paper provides a procedure for preparation of sufficient quantities of protein, in a stable form, for elucidation of these mechanisms.
